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Semaphorin±Neuropilin Interactions
Underlying Sympathetic Axon Responses
to Class III Semaphorins
domain, and a carboxy-terminal basic domain (domain
C) (Kolodkin et al., 1993; Luo et al., 1993, 1995; Puschel
et al., 1995) (see Figure 5K below for a schematic dia-
gram). Sema III can cause the collapse of sensory
growth cones and repel sensory axons when presented
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University of California from a point source (Luo et al., 1993, 1995; Messersmith
et al., 1995; Puschel et al., 1995). Neuropilin (neuro-San Francisco, California 94143
pilin-1), a transmembrane protein, was identified by ex-
pression cloning as a receptor or a component of the
receptor complex for Sema III (He and Tessier-Lavigne,Summary
1997; Kolodkin et al., 1997). Neuropilin-1 possesses in
its extracellular domain two so-called CUB (extracellularNeuropilin-1 and neuropilin-2 show specificity in bind-
complement-binding) domains (domains a1 and a2), twoing to different class III semaphorins, including Sema
domains of homology to coagulation factors V and VIIIIII, Sema E, and Sema IV, suggesting that the specific-
(domains b1 and b2), and a so-called MAM (meprin, A5,ity of action of these semaphorins is dictated by the
m) domain (domain c); it also possesses a transmem-complement of neuropilins expressed by responsive
brane domain and a short cytoplasmic domain (Takagineurons. In support of this, we show that sympathetic
et al., 1991). Antibodies raised against the ectodomain ofaxons coexpress neuropilin-1 and -2, that their re-
neuropilin-1 block the repulsive and collapse-inducingsponses to Sema III, Sema E, and Sema IV are affected
activity of Sema III on sensory axons (He and Tessier-in predicted ways by antibodies to neuropilin-1, and
Lavigne, 1997; Kolodkin et al., 1997). Further evidencethat neuropilin-1 and -2 can form homo- and hetero-
that neuropilin-1 functions as a Sema III receptor hasoligomers through an interaction involving at least
come from the demonstration that the peripheral pheno-partly the neuropilin MAM (meprin, A5, m) domain.
types of Sema III knock-out mice (Taniguchi et al., 1997)These results support the idea that in sympathetic
and neuropilin-1 knock-out mice (Kitsukawa et al., 1997)axons, the Sema III signal is mediated predominantly
are similar (with similar defasciculation and misroutingby neuropilin-1 oligomers, the Sema IV signal by neu-
of sensory axons in each case), and that sensory axonsropilin-2 oligomers, and the Sema E signal by neuropi-
from neuropilin-1-deficient mouse embryos do not re-lin-1 and -2, either as homo- or heterooligomers.
spond to Sema III in vitro, unlike their wild-type counter-
parts (Kitsukawa et al., 1997).Introduction
Neuropilin-2, which shares 44% identity at the amino
acid level with neuropilin-1, and which has several alter-The function of the nervous system depends critically
natively spliced isoforms, was identified by homologyon the accurate pattern of connections among neurons
to neuropilin-1 (Chen et al., 1997; Kolodkin et al., 1997)generated during embryonic development. Growth cones
and found to bind to Sema E and Sema IV with highat the tips of developing axons are guided by molecular
affinity but to Sema III only with much lower affinitycues in the environment, which direct them to their
(Chen et al., 1997; Xu et al., 1998). These results haveappropriate targets. Axons are guided by both positive
suggested that the specificity of action of different class(attractive) and negative (repulsive) cues, with the repul-
III semaphorins on different neuronal classes may besive cues steering axons away from inappropriate re-
dictated by the complement of neuropilins expressedgions and generating exclusion zones that axons ac-
by the responsive cells. To test this possibility, we havetively avoid (reviewed by Tessier-Lavigne and Goodman,
studied embryonic day 15±17 (E15±E17) rat sympathetic1996).
neurons. We show that the axons of these neurons ex-One family of repulsive cues is the semaphorins,
which consist of secreted and transmembrane proteins press both the neuropilin-1 and neuropilin-2 proteins
conserved from insects and nematodes to vertebrates. and can be repelled by Sema III, Sema E, and Sema IV.
The semaphorins, characterized by the presence of a We also define the domains of interaction of Sema IV
z500 amino acid semaphorin (sema) domain at their with neuropilin-2 and show that neuropilins can form
amino termini, are categorized into seven classes based homo- and heterooligomers even in the absence of li-
on sequence and structural similarity (Kolodkin et al., gand, an interaction attributable at least partly to the
1992, 1993; Luo et al., 1993, 1995; Puschel et al., 1995; MAM domains of these proteins. Together with antibody-
reviewed by Xu et al., 1998). In vertebrates, the best blocking data, our results suggest a specific model for
characterized semaphorin is collapsin-1/Sema III/D (Sema how neuropilin-1 and -2 contribute to the receptors for
III), a member of class III, which also includes several Sema III, Sema E, and Sema IV on sympathetic axons.
other secreted semaphorins, among which are Sema E, These results are consistent with recently reported re-
Sema IV, and Sema A. Class III semaphorins all possess sults of gene transfer experiments into sensory and reti-
an amino-terminal sema domain, an immunoglobulin (Ig) nal axons (Takahashi et al., 1998), of neuropilin oligomer-
ization (Takahashi et al., 1998), and of differential effects
of different semaphorins on hippocampal axons (CheÂ do-* To whom correspondence should be addressed (e-mail: marctl@
itsa.ucsf.edu). tal et al., 1998).
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Figure 1. Expression of Neuropilin-1 and
Neuropilin-2 Proteins in Transfected Cells
and Sympathetic Axons
Anti-neuropilin-1 serum (anti-N1) (He and Tess-
ier-Lavigne), anti-neuropilin-2 serum (anti-
N2) (this report), and corresponding preim-
mune sera (pre-N1 and pre-N2) were diluted
500-fold with PBS containing 10% heat-inac-
tivated goat serum prior to overlaying on
specimens. After applying Cy3-conjugated
secondary antibody, the staining was visual-
ized by fluorescence microscopy.
(A, B, C, E, and F) Staining with anti-neuropi-
lin-2 antiserum (B, C, and F) and correspond-
ing preimmune serum (A and E) of COS cells expressing neuropilin-2 (A and B), COS cells expressing neuropilin-1 (C), and cultured E15 rat
sympathetic axons (E and F).
(D, G, and H) Staining with anti-neuropilin-1 antiserum (D and H) and corresponding preimmune serum (G) of COS cells expressing neuropilin-1
(D) and cultured E15 rat sympathetic axons (G and H).
Scale bar, 50 mm (A±D) and 100 mm (E and H).
Results Since Sema III binds neuropilin-1 but not neuropilin-2
with high affinity, whereas Sema IV binds neuropilin-2
with much higher affinity than neuropilin-1, we wouldSympathetic Axons Coexpress Neuropilin-1
and Neuropilin-2 predict that the Sema III signal might be mediated pre-
dominantly by neuropilin-1 and the Sema IV signal byA rabbit antiserum against domains a1 and a2 of neuro-
pilin-2 was generated and used in immunohistochemis- neuropilin-2. Sema E, which binds the two neuropilins
with similar affinity, might be predicted to signal via bothtry to detect expression of this protein by sympathetic
axons. We found that the antiserum cross-reacts with receptors. Consistent with these predictions, we found
that the repulsive action of Sema III was blocked inneuropilin-2 but not neuropilin-1 when expressed in
transfected COS cells (Figures 1B and 1C). To examine the presence of a function-blocking anti-neuropilin-1
antibody (10 mg/ml), whereas the repulsive activity ofwhether neuropilin-1 and neuropilin-2 are expressed on
the surface of sympathetic axons, E15 rat superior cervi- Sema IV was not significantly affected (Figures 2E, 2G,
and 2L). The repulsiveness of Sema E was partially abol-cal ganglia (SCG) were dissected and cultured in vitro
on poly-D-lysine/laminin±coated dishes for 2 days and ished (Figures 2F and 2L), consistent with an involve-
ment of both neuropilin-1 and neuropilin-2, perhaps ei-then live labeled with antibodies to neuropilin-1 (He and
Tessier-Lavigne, 1997) or neuropilin-2. Both neuropilins ther as homo- or heterooligomers (see below). The
antiserum to neuropilin-2 described above did not havewere found to be expressed by these axons (Figures 1F
and 1H), consistent with the mRNA expression patterns any effect in these assays (data not shown); we assume
that this simply reflects the fact that the antibodiespreviously documented for both molecules (Chen et al.,
1997; Kolodkin et al., 1997). within the serum detect nonessential epitopes in do-
mains a1 and a2. As predicted from the high affinity of
neuropilin-2 for Sema IV and Sema E and its much lowerRepulsion of Sympathetic Axons by Sema III,
Sema E, and Sema IV affinity for Sema III (Chen et al., 1997; Xu et al., 1998),
we also found that a purified protein comprising theThe axons of E14 rat sensory axons, which express
neuropilin-1 but not neuropilin-2 (Chen et al., 1997; Ko- ectodomain of neuropilin-2 fused to the constant (Fc)
region of human IgG (neuropilin-2 ectodomain±Fc)lodkin et al., 1997) can be repelled by Sema III (Messer-
smith et al., 1995) but not Sema E (Puschel et al., 1995; blocked the repulsive action of Sema IV and Sema E but
had only a small effect on Sema III-mediated repulsionAdams et al., 1997; Koppel et al., 1997) or Sema IV (data
not shown) when these factors are presented chronically (Figures 3H±3L).
from a point source; acute exposure to a uniform distri-
bution of Sema III causes the collapse of their growth Domain Mapping of the Sema
IV±Neuropilin Interactioncones (Luo et al., 1993; He and Tessier-Lavigne, 1997;
Kolodkin et al., 1997). Since sympathetic axons express Since previous studies on the Sema III±neuropilin-1 in-
teraction have shown that both the sema domain andboth neuropilin-1 and -2, we tested their responsiveness
to these different semaphorins. E15 rat SCG were cul- the C domain of Sema III can interact with neuropilin-1
(Feiner et al., 1997; He and Tessier-Lavigne, 1997), wetured in collagen gels in the presence of nerve growth
factor (NGF) to elicit axon outgrowth. Aggregates of examined whether the same was true for Sema E and
Sema IV binding to neuropilin-2. Constructs that expresscontrol COS cells (mock transfected) cultured at a dis-
tance from the ganglia did not repel the axons (Figure alkaline phosphatase (AP) fused to the sema and Ig
domain (AP±sema±Ig) or the C domain (AP±C) of Sema2D). However, COS cells secreting Sema III, Sema E,
or Sema IV all strongly repelled these axons (Figures E and Sema IV were generated. Supernatants containing
AP fusion proteins were collected, and the concentra-2A±2C). These results confirm and extend previous stud-
ies, which had shown that Sema III, Sema E, and Sema tions of the fusion proteins were normalized by measur-
ing AP activity prior to performing binding studies onA can repel or cause the collapse of sympathetic axons
(Feiner et al., 1997; Koppel et al., 1997; Adams et al., COS7 cells expressing neuropilin-1 or neuropilin-2.
In the case of Sema E, both the AP±sema±Ig and the1997; Takahashi et al., 1998).
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Figure 2. Dependence on Neuropilin-1 Function of Sema IV±, Sema E±, and Sema III±Mediated Repulsion of Symapthetic Axons
Two hundred micrometer fragments of E15 rat SCG were embedded together with COS cell aggregates expressing the various semaphorins
in a collagen matrix in the presence of 12.5 ng/ml NGF to elicit the outgrowth of sympathetic axons. Explants were fixed after 48 hr and
stained with an anti-neurofilament antibody.
(A±D) Effect on SCG axons of COS cells secreting Sema IV (A), Sema E (B), Sema III (C), or mock-transfected COS cells (D).
(E±G) Anti-neuropilin-1 (anti-N1) (10 mg/ml) antibody added to the cocultures blocked the repulsive effect of Sema III repulsion completely (G)
and that of Sema E only partially (F) but had no effect on the repulsive action of Sema IV (E). No effect was seen of preimmune serum (data
not shown).
(H±J) Purified neuropilin-2 ectodomain±Fc fusion protein (5 mg/ml) abolished the action of Sema IV and Sema E but had only a slight effect
on Sema III-mediated repulsion, consistent with the relative affinities of these semaphorins for neuropilin-2 and Sema IV.
(K and L) Quantification of the effects of blocking reagents. (K) The extent of axon outgrowth on the side of the explant proximal to the source
(length P) and the side distal to the source (length D) were measured. The axon outgrowth ratio P/D is a measure of repulsive activity, with
a ratio of 1 indicating no repulsion. (L) Outgrowth ratios under the various experimental conditions. Bars show means (1/2 SEM) for between
16 and 63 explants for each condition. Repulsion by Sema IV was not affected by anti-N1 (p . 0.370, Student's t test) but was completely
blocked by N2±Fc (p , 0.001). Repulsion by Sema III was completely blocked by anti-N1 (p , 0.001) but was only slightly blocked by N2±Fc
(the slight difference with the control condition was, however, statistically significant [p , 0.001]). Repulsion by Sema E was only partially
blocked by anti-N1 but was abolished by N2±Fc. Note that the reduction caused by anti-N1 on Sema E±induced repulsion was significantly
less than that on Sema III±induced repulsion (p , 0.001). Note also the presence in a few of the conditions of P/D ratios slightly in excess of
1.0, an observation also made with control COS cells (data not shown; see, e.g., [D]), presumably reflecting a slight trophic action of COS
cells on sympathetic axons.
Scale bar, 225 mm.
AP±C truncations bound to both neuropilins, though the regions of the neuropilin-2 ectodomain. Individual dele-
tion expression vectors, lacking domains a1 and a2AP±sema±Ig protein showed apparently stronger bind-
ing in both cases (Figures 3A±3F). The situation was (delta-A), domains b1 and b2 (delta-B), or the MAM do-
main (delta-M) were generated for binding studies (Fig-similar for Sema IV binding to neuropilin-2, in which
binding of AP±sema±Ig showed a much higher affinity ure 4A). Deletion of domains a1 and a2 of neuropilin-2
abolished binding of the amino-terminal fragment ofthan AP±C (Figures 3J±3L and 3T). However, in the
case of Sema IV binding to neuropilin-1, the relation- Sema IV (AP±sema±Ig) and apparently also reduced
binding of its carboxy-terminal fragment (AP±C) (Figuresships were reversed, with AP±sema±Ig binding only
very weakly, considerably less well than AP±C (Figures 4C and 4D). The net effect was a dramatic (.30±50-
fold) reduction in binding of full length AP±Sema IV; that3M±3O and 3S).
Neuropilins contain three extracellular regions, one binding appeared to be largely accounted for by residual
binding of the carboxy-terminal domain (Figures 4B andcomprising two CUB domains (a1 and a2), the next com-
prising two domains of homology to coagulation factors 4K). In contrast, deletion of domains b1 and b2 abolished
binding to AP±C without significant effect on AP±V and VIII (b1 and b2), and the third a MAM domain
(c) (Figure 4A). We attempted to assign the interaction sema±Ig; the net effect was a modest reduction in AP±
Sema IV binding, which appeared to be accounted forbetween individual domains of Sema IV to these different
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by binding of the sema±Ig domain (Figures 4E±4G and
4L). Deletion of the MAM domain (c) resulted in only
a modest reduction in binding of all three constructs
(AP±Sema IV, AP±sema±Ig, and AP±C) in parallel (Fig-
ures 4H±4J and 4M); this effect might in principle be
explained by a presumed reduction in neuropilin oligo-
merization on deletion of the MAM domain (see below)
leading to reduced cooperative binding of ligands.
These results show that region a1/a2 is required for
sema±Ig binding, whereas both the a1/a2 and b1/b2
regions are required for C domain binding.
Evidence for the Formation of Neuropilin Multimers
As discussed, neuropilins contain a MAM domain which,
in receptor tyrosine phosphatases, can mediate homo-
philic interactions (Bork and Beckmann, 1993; Zondag
et al., 1995). We therefore examined whether neuropilins
can interact with one another, using two approaches.
First, we generated different tagged versions of neuropi-
lin-1 and neuropilin-2 for use in coimmunoprecipitation
experiments. Specifically, for these experiments, we
generated amino-terminal Flag-tagged or HA-tagged
constructs and carboxy-terminal myc-epitope-tagged
constructs. The constructs were cotransfected in pairs
in various combinations in COS cells. Coimmunoprecipi-
tation and Western blotting studies showed that the
neuropilins can form homo- or heterooligomers in the
absence of ligand (Figure 5A). In another approach, we
fused the ectodomain of neuropilin-2 to the constant
(Fc) region of a human Ig molecule. This neuropilin-2
ectodomain±Fc construct was tested for its ability to
bind COS cells expressing neuropilin-1 and neuro-
pilin-2. The binding interaction was detected with an
AP-conjugated goat anti-human Fc fragment±specific
antibody. The supernatant containing neuropilin-2 ecto-
domain±Fc fusion protein bound COS cells expressing
neuropilin-1 or neuropilin-2 whether or not a common
ligand, Sema E, was present (Figures 5B±5G). Similar
results (data not shown) were obtained using a soluble
neuropilin-1 ectodomain±AP fusion protein (He and Tes-Figure 3. Binding of Full Length and Truncated Versions of Sema
sier-Lavigne, 1997). These results indicate that the inter-E and Sema IV to Neuropilin-1- and Neuropilin-2-Expressing COS
Cells actions between neuropilins are independent of the
presence of the transmembrane and cytoplasmic re-(A±I) Binding of full length and truncated forms of Sema E. Superna-
tants containing an AP fusion protein of full length Sema E (AP±Sema gions of neuropilins and suggest that neuropilin interac-
E [A, D, and G]) as well as AP fusions to its sema±Ig domain (AP± tions can occur not just in cis, but also in trans. To test
sema±Ig [B, E, and H]) and C domain (AP±C [C, F, and I]) were
the involvement of the MAM domain, we used a fusionincubated with COS cells expressing neuropilin-2(a0) (A±C), neuropi-
of AP to the MAM domain of neuropilin-2. AP±MAMlin-1 (D±F), or mock-transfected cells (G±I). Supernatants were nor-
bound both neuropilin-1- and neuropilin-2-expressingmalized for AP activity prior to use in the binding assay.
(J±R) Binding of full length and truncated forms of Sema IV. Superna- cells, albeit less avidly than the full length neuropilin-
tants containing an AP fusion protein of full length Sema IV (AP± 2±Fc (Figures 5H±5J).
Sema IV [J, M, and P]) as well as AP fusions to its sema±Ig domain
(AP±sema±Ig [K, N, and Q]) and C domain (AP±C [L, O, and R])
were incubated with COS cells expressing neuropilin-2(a0) (J±L),
neuropilin-1 (M±O), or mock-transfected cells (P±R). Supernatants
were normalized for AP activity prior to use in the binding assay. and AP±C (triangles). Dissociation constants for interaction with
(S and T) Equilibrium binding of Sema IV AP fusion proteins to neuropilin-1-expressing cells were 1.6 nM for AP±Sema IV and 2.1
neuropilin-1- (S) or neuropilin-2- (T) expressing cells. Transfected nM for AP±C; binding of AP±sema±Ig was too low to permit accurate
or control COS cells were incubated with concentrated media con- evaluation of the Kd. Dissociation constants for interaction with neu-
taining the indicated concentrations of semaphorin±AP fusion pro- ropilin-2-expressing cells were 0.40 nM for AP±Sema IV and 2.7 nM
teins. AP activity derived from bound fusion proteins was measured for AP±sema±Ig; binding of AP±C was detectable but did not satu-
colorimetrically at 405 nm; specific binding was obtained after the rate at the concentrations that could be tested, therefore precluding
subtraction of background from control cells. Specific binding an accurate evaluation of the Kd.
curves are shown for AP±Sema IV (squares), AP±sema±Ig (circles), Scale bar, 55 mm.
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Figure 4. Binding of Sema IV and Its Individual Domains to Deletion Constructs of Neuropilin-2
(A) Schematic drawing of neuropilin-2(a0) deletion constructs (bottom), together with expressed proteins visualized by Western blotting (8%
gel, anti-HA antibody followed by horseradish peroxidase±conjugated secondary antibody) (top). From left to right: full length neuropilin-2,
neuropilin-2-delta-A (lacking domains a1 and a2), neuropilin-2-delta-B (lacking domains b1 and b2), and neuropilin-2-delta-M (lacking domain
c, the MAM domain).
(B±J) Binding of AP fusions of full length and truncated versions of Sema IV to truncated forms of neuropilin-2(a0). Normalized supernatants
containing AP±Sema IV (B, E, and H), AP±sema±Ig (C, F, and I), and AP±C (D, G, and J) were incubated with COS cells expressing the delta-A
(B±D), delta-B (E±G) and delta-M (H±J) versions of neuropilin-2(a0) (from [A]). Binding was detected by AP activity.
(K±M) Equilibrium binding of Sema IV AP fusion proteins to the delta-A (K), delta-B (L), and delta-M (M) forms of neuropilin-2 (methods were
as in Figures 3S and 3T). Specific binding curves are shown for AP±Sema IV (squares), AP±sema±Ig (circles), and AP±C (triangles). Binding
of all constructs to delta-A was too low to permit accurate evaluation of the Kd; no detectable binding of AP±sema±Ig was observed, while
binding of AP±Sema IV was dramatically reduced, apparently being accounted for by the residual binding of AP±C (which itself was reduced
over binding to full length neuropilin-2). Dissociation constants for interaction with the delta-B construct were 3.0 nM for AP±Sema IV and
3.3 nM for AP±sema±Ig; no binding of AP±C was observed at any concentration. Dissociation constants for interaction with the delta-M
construct were 1.4 nM for AP±Sema IV and 3.9 nM for AP±sema±Ig; binding of AP±C appeared similar to that observed with full length
neuropilin-2 (Figure 3T), although an accurate evaluation of the Kd was not possible, because the binding did not saturate at the concentrations
that could be tested.
Scale bar, 55 mm.
Discussion independently by Takahashi et al. (1998). This result
extends the previous observation by Fujisawa and col-
leagues that neuropilin-1 can mediate cell aggregationThe findings that the sema±Ig region of Sema IV requires
the a1 and a2 domains of neuropilin-2, whereas C region (Takagi et al., 1991), an effect presumably mediated by
a trans interaction; we have extended that observationbinding requires both a1/a2 and b1/b2, suggests a
model for Sema IV action in which the Sema IV molecule further by showing that it also holds for neuropilin-2 and
that the trans interaction can be demonstrated usingbinds the a1/a2 region of neuropilin-2 via its sema±Ig
domain and binds both the a1/a2 and b1/b2 regions via soluble neuropilin ectodomains. Furthermore, our re-
sults implicate the MAM domain of neuropilin-2 in medi-its basic C domain. Since Sema IV, by analogy with the
better studied Sema III (Klostermann et al., 1998; Koppel ating this interaction; we have not, however, established
whether it is the only domain participating in this inter-and Raper, 1998), is presumed to be a dimer, each Sema
IV molecule is predicted to bring together two neuropi- action. Taken together, the results imply that even in
the absence of ligand, there are preassembled neuro-lin-2 molecules, as illustrated in Figure 5K. Interestingly,
our coimmunoprecipitation results also show that neu- pilin-1 and -2 homo- and heterodimers (or multimers),
apparently assembled by an interaction involving MAMropilin-1 and 22 molecules can interact both homo- and
heterophilically in the plane of the membrane (i.e., in cis) domains, and that the Sema IV molecule fits into a pocket
created by the a1/a2 and b1/b2 domains (Figure 5K).in the absence of ligand, a result also recently reported
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Figure 5. Homo- and Heterophilic Interactions of Neuropilin-1 and Neuropilin-2
(A) Interactions in cis were detected by cotransfecting different tagged versions of neuropilin-1 and neuropilin-2, immunoprecipitating with
an antibody to one of the tags, and detecting the coprecipitated protein using an antibody to the other tag by Western analysis. As indicated
on the top line, cotransfections were performed with flag-tagged or HA tagged neuropilin-1 constructs (N1(F) and N1(HA), respectively), and
with myc-tagged or HA-tagged neuropilin-2 constructs (N2[M] and N2[HA], respectively). HA and Flag tags were placed at the amino terminus
and the myc tag at the carboxy terminus in each case. The antibody used to immunoprecipitate is indicated above each lane, and the
coprecipitated protein was detected with the HA antibody (ªanti-HAº), the Flag antibody (ªanti-Flagº), or the anti-myc antibody (ªanti-Mycº)
by chemiluminescence (film exposure times were 5 s for anti-HA and anti-myc and 1 min for anti-Flag).
(B±G) Binding of neuropilins in trans was observed through binding of a soluble neuropilin-2 ectodomain±Fc fusion protein to neuropilin-2(a0)
expressed in COS cells (B and E), neuropilin-1 expressed in COS cells (C and F), or control COS cells (D and G) in the absence (B±D) or
presence (E±G) of Sema E (similar results were obtained with Sema IV (data not shown)). Binding of the ectodomain±Fc fusion was detected
with an AP-conjugated goat anti-human Fc antibody.
(H±J) An AP fusion to the MAM domain of neuropilin-2 (AP±MAM) binds COS cells expressing neuropilin-2 (H) or neuropilin-1 (I) but not control
COS cells (J). The binding was detected by AP activity.
(K) Model for the neuropilin-2±Sema IV interaction. See text for details. Arrow indicates ligand-independent interactions between neuropilins
mediated at least partly by the MAM domain.
Scale bar, 55 mm.
How might the binding of Sema IV lead to receptor receptor involves a nonneuropilin coreceptor and to dis-
tinguish between the different possible models foractivation? The simplest model would be that, as a puta-
semaphorin receptor activation.tive dimer, Sema IV causes the dimerization of neuropilin
An additional question that deserves further explora-molecules, leading to receptor activation. However, the
tion is the function of neuropilin aggregation in the ab-finding that neuropilins can interact in the absence of
sence of ligand. If ligand can itself dimerize neuropilins,ligand speaks against the simplest model. It is possible
what then is the purpose of interactions among neuropi-that in neurons, the ligand can induce a greater degree
lins? One possibility is that this will ensure the creationof neuropilin aggregation that is not detectable in trans-
of higher order multimers, not just dimers, with bothfected cells overexpressing neuropilins and that this
ligand and MAM domains contributing to aggregationsubtle change in aggregation defines the difference be-
and hence activation; in some other receptor systems,tween activated and inactivated states. A second possi-
multimers of a higher order than dimers must be gener-bility is that the presence of ligand might lead to a con-
ated for receptor activation to occur (see, e.g., Stein etformational change in preaggregated neuropilins. A third
al., 1998). Alternatively, the precise conformation of thepossibility, not excluded by any data so far available, is
aggregates might be important either for neuropilin in-
that the functional Sema IV receptor includes a nonneu-
teractions or for interactions with a putative coreceptor.
ropilin coreceptor (Kolodkin and Ginty, 1997) and that In any case, it is worth noting that the neuropilin±
the binding of neuropilins by ligand creates a complex neuropilin interaction is likely to be important and not
which then somehow recruits or activates the corecep- gratuitous, since the two function-blocking antisera to
tor. The existence of a coreceptor is supported indirectly neuropilin-1 previously reported were directed against
by evidence that neuropilins are also receptors for the its MAM domain (Kolodkin et al., 1997) or its MAM and
165 isoform of vascular endothelial growth factor (VEGF) b1/b2 domains (He and Tessier-Lavigne, 1997).
and by suggestions that neuropilin-1 might form a recep- The finding that an antiserum to neuropilin-1 com-
tor complex with the other VEGF receptor, KDR/flk-1, a pletely abolishes the repulsive action of Sema III on
receptor tyrosine kinase (Soker et al., 1998). Further sympathetic axons is similar to the finding that anti-
neuropilin-1 antisera also abolish the response to Semastudies are required to establish whether the Sema IV
Semaphorin±Neuropilin Interactions
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III of sensory axons (He and Tessier-Lavigne, 1997; Ko- structural basis for these differential effects of Sema E
lodkin et al., 1997) and hippocampal axons (CheÂ dotal on neuropilin-1- and neuropilin-2-containing receptors
et al., 1998). Similarly, the absence of an effect of an therefore remains to be elucidated.
anti-neuropilin-1 antiserum on Sema IV±mediated repul-
Experimental Proceduression of sympathetic axons parallels the recent report of
an absence of effect on Sema IV±mediated repulsion of
Plasmid Constructionhippocampal axons (CheÂ dotal et al., 1998). These results
The AP±Sema IV and AP±Sema E expression constructs were gener-are consistent with a model in which, in sympathetic
ated as described by Chen et al. (1997). Plasmids expressing AP±
axons, the Sema III signal is mediated principally by a sema±Ig and AP±C fusion proteins of Sema E and Sema IV were
neuropilin-1-containing receptor and the Sema IV signal cloned into pSecTag B (Invitrogen) together with the human placen-
by a neuropilin-2-containing receptor, a model that is tal AP coding region at the 59 end. The neuropilin-2a(22) ectodomain
coding region (Chen et al., 1997) was isolated by PCR, and theeasily explained by the relative affinities of Sema III and
fragment was cloned into pSecTag A (Invitrogen) by using Hind III/Sema IV for neuropilin-1 and neuropilin-2. (It should be
Xba I sites, fusing it in-frame with the human Fc sequence.noted, however, that in the absence of a function-
The carboxy-terminal myc-tagged neuropilin-2 expression vectorblocking antiserum directed against neuropilin-2, our
was generated as described previously (Chen et al., 1997). The
data provide only strong support for this model but not amino-terminal HA-tagged deletion mutations of neuropilin-2 were
absolute proof.) In addition, the fact that sensory neu- constructed in pSecTag A (Invitrogen). The amino-terminal Flag-
rons, which only express neuropilin-1, are not respon- tagged neuropilin-1 construct was cloned into the cytomegalovirus
promoter± (CMV-) Flag vector (Kodak). The amino-terminal HA-sive to Sema IV (data not shown) supports the hypothe-
tagged neuropilin-1 was cloned into pSecTag A (Invitrogen). Thesis put forward by Koppel et al. (1997) that the sema
AP-tagged MAM domain of neuropilin-2(a22) was cloned into thedomain is a key determinant of receptor activation, since
AP-Tag 4 vector (generously provided by J. Flanagan).we found that the sema domain of Sema IV shows only
very weak binding to neuropilin-1 even though its C Semaphorin±AP Fusion Protein Binding Assay
domain (and, as a result, full length Sema IV) bind neu- The semaphorin±AP fusion protein binding experiments were as
ropilin-1 with reasonably high affinity. described by Cheng and Flanagan (1994), with the exception that
We have found further that responses of sympathetic 2 mg/ml of heparin was included in the binding mixture in order to
reduce background binding (Chen et al., 1997). Binding curves andaxons to Sema E are largely but not completely blocked
Kds were derived as described in Chen et al. (1997).by the anti-neuropilin-1 antiserum. The simplest expla-
nation for this would be if the Sema E signal could be
Neuropilin-2 Ectodomain±Fc Binding Assaytransduced both by a receptor involving only neuropi-
The neuropilin-2 ectodomain±Fc fusion protein was expressed in
lin-2 (which would be impervious to the actions of the serum-free medium for 4 days. The supernatant was collected, fil-
antiserum) and also a receptor or receptors involving tered with a 0.2 mm filter, and concentrated. Neuropilin-1- or neuro-
neuropilin-1 (which would be blocked by the antiserum). pilin-2-expressing COS7 cells were rinsed with PBS and blocked
with 10% FBS in PBS and 0.1% NaN3 for 30 min. The ectodomain±FcThe latter, which appears to be the dominant receptor
fusion protein was overlaid on the COS7 cells in the presence of 10%in sympathetic axons, is likely to be a receptor involving
FBS, 0.1% NaN3, and 2 mg/ml of heparin and PBS and incubated atboth neuropilin-1 and neuropilin-2 rather than a receptor
room temperature for 1 hr. Cells were washed six times with PBS,involving only neuropilin-1. This hypothesis is based on
followed by formaldehyde-acetone fixation, heat inactivation of en-
the fact that sensory axons, which normally express dogenous AP activity, incubation with 1:2500 AP-conjugated goat
only neuropilin-1, are not normally responsive to Sema anti-human Fc antibody (the Jackson Lab) in 10% heat-inactivated
E but acquire responsiveness to Sema E when they are goat serum and PBS at room temperature for one hour, and washed
completely with PBS six times, followed by color development withmade to express neuropilin-2 by viral-mediated gene
NBT/BCIP substrate. The AP±MAM fusion protein binding assaytransfer (Takahashi et al., 1998). When taken together,
was carried out under the same conditions except that no antibodythese recent results of Takahashi et al. (1998), showing
was required.a requirement for neuropilin-2 in Sema E signaling in
sensory axons, and our antibody-blocking results, show- Coimmunoprecipitation
ing a large dependence on neuropilin-1 for Sema E sig- Five micrograms/mililiter of each plasmid was transfected into 50%±
naling in sympathetic axons, suggest that the Sema E 70% confluent COS7 cells with Fugen (Boehringer-Mannheim). After
40±48 hr, the cells were serum starved with Optimem mediumsignal in sympathetic axons is transduced by both a
(GIBCO BRL) for about 4 hr. Cells were rinsed with ice-cold PBSreceptor involving neuropilin-1/neuropilin-2 heterooli-
three times and lysed with immunoprecipitation (IP) buffer (20 mMgomers and to a lesser extent, a receptor involving only
HEPES [pH 7.5], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 2neuropilin-2 homooligomers.
mM MgCl2, 2 mM CaCl2, 10 mg/mL bovine serum albumin (BSA),Why does Sema E not activate the neuropilin-1-only and protease inhibitor cocktail (Boehringer Mannheim). The lysate
receptors in sensory axons? In keeping with the hypoth- was precleared with protein A/G beads, and coimmunoprecipitation
esis that the specificity of action of different sema- was performed by standard procedures. After precipitation, beads
were washed four times with IP buffer without BSA and analyzedphorins is dictated by the sema domain (Koppel et al.,
by Western blotting.1997), it might have been predicted that the sema do-
main of Sema E would bind neuropilin-1 and -2 differen-
Immunostainingtially; it was therefore a surprise to find that the Sema
Immunostaining was performed as described by He and Tessier-E sema±Ig construct bound both neuropilin-1 and -2
Lavigne (1997).
apparently equivalently. Recently, Strittmatter and col-
leagues have gone on to show that Sema E actually In Vitro Coculture Assay
functions as an antagonist at the neuropilin-1-only re- SCG neurons were dissected from rat E15 embryos in L15 medium
and were kept on ice in L15 medium with 5% heat-inactivated horseceptor on sensory axons (Takahashi et al., 1998). The
Neuron
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serum. The neuronal explants and semaphorin-expressing COS cell Luo, Y.-L., Shepherd, I., Li, J., Renzi, M.J., Chang, S., Raper, J.A.
(1995). A family of molecules related to collapsin in the embryonicaggregates were embedded in collagen gels at a distance of 200±
400 mm in F12/DMEM (1:1), 2 mM glutamine, antibiotics, 1 mg/ml chick nervous system. Neuron 14, 1131±1140.
BSA, and 1.25 mg/ml NGF and incubated at 37% with 5% CO2 for Messersmith, E.K., Leonardo, E.D., Shatz, C.J., Tessier-Lavigne, M.,
2 days. The explants were fixed with 4% paraformaldehyde in PBS, Goodman, C.S., and Kolodkin, A.L. (1995). Semaphorin III can func-
followed by staining with an antibody to neurofilament. tion as a selective chemorepellent to pattern sensory projections in
the spinal cord. Neuron 14, 949±959.
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